The recently cloned GnRH receptor, a G-protein coupled receptor that spans the membrane seven times, plays a central role in the maintenance of normal reproductive events. In pituitary gonadotrophs, activation of the GnRH receptor stimulates a concert of intracellular signalling pathways. Phospholipase C stimulation generates inositol 1,4,5 trisphosphate and diacylglycerol, which release calcium and activate protein kinase C, respectively. After these primary signals, prolonged activation of protein kinase C arises from the continued production of diacylglycerol from additional signal transduction pathways. While characteristic calcium responses, involving specific calcium pools, are instrumental in triggering exocytosis, the precise role of protein kinase C activation is unclear. Key players within the exocytotic machinery are also elusive but may include a range of membrane, guanine nucleotide and calcium-binding proteins, inositol 1,4,5 trisphosphate receptors and the cell cytoskeleton. Cellular signalling is also important in determining pituitary responsiveness to GnRH, involving intracellular crosstalk between the GnRH, oestradiol and progesterone receptors.
GnRH is a decapeptide that plays a pivotal role in orchestrating and maintaining normal reproductive events. It is synthesized and released in pulses from the hypothalamus into the hypophysial portal system. From here, GnRH flows to and interacts with specific high-affinity GnRH receptors (GnRHrs) present on pituitary gonadotrophs promoting the calcium-dependent exocytosis of the gonadotrophins, LH and FSH. The secretory profiles of these glycoprotein hormones differ in response to several physiological and experimental paradigms. This differential release of LH and FSH may reflect physically distinct secretory pathways selectively activated by GnRH or other regulators of gonadotrophin secretion. GnRH-induced signalling events play a key role in the exocytosis of LH and FSH. Knowledge of these signals is essential to our understanding of the physiology of normal reproductive events, as well as disorders of the reproductive tract. This review outlines recent progress in receptor related signalling events associated with GnRH-induced gonadotrophin secretion from pituitary gonadotrophs.
The GnRH receptor
The recent cloning of the GnRH receptor (reviewed by Sealfon and Millar, 1995) was a crucial step towards understanding the molecular mechanisms involved in the regulatory control of the GnRHr, peptide-receptor interactions and downstream signalling events. Homology screening was used to clone the GnRHr from the immortalized mouse pituitary gonadotroph αT3-1 cell line (Tsutsumi et al., 1992) . The subsequent cloning of the GnRHr from a variety of species and tissues has identified a highly conserved receptor belonging to the superfamily of seven transmembrane-spanning G-protein coupled receptors (GPCRs; Fig. 1a) .
The GnRHr contains conserved cysteine residues in the first and second extracellular loops. The formation of a disulfide bridge between these cysteine residues is believed to stabilize the three-dimensional configuration of the GnRHr protein, which is essential for ligand recognition. Indeed, mutation of these conserved extracellular cysteine residues to serines abolishes GnRHr binding (J.V. Cook and K.A. Eidne, in preparation) .
On the basis of structural information obtained from crystallographic studies on bacteriorhodopsin and G-protein coupled rhodopsin, a three-dimensional α-helical wheel model of the GnRHr has been constructed (Baldwin, 1993; Cook et al., 1995; Fig. 1b) . The α-helical transmembrane domains of the GnRHr may lie tilted within the membrane, forming a hydrophilic ligand binding pocket into which the GnRH peptide must dock and bind. In combination with site directed mutagenesis, this model has identified a number of conserved polar amino acid residues within transmembrane regions two and seven that are potentially important in GnRHr binding (Cook et al., 1995) .
The GnRHr exhibits several unique features, including alterations in highly conserved and therefore potentially functionally important sequences (Sealfon and Millar, 1995; Fig. 1a) . While the GnRHr has an Asn87 located in transmembrane two and an Asp318 in transmembrane seven, the reverse is true of most other GPCRs. Asn87 is important in ligand binding, whereas Asp318 is required for signal transduction but is not essential for ligand binding. Similarly, a conserved Asp-ArgTyr (DRY) sequence normally found in the membrane proximal region of the second intracellular loop of a number of GPCRs is changed to an Asp-Arg-Ser (DRS) sequence. Mutation of this serine residue to the normally conserved tyrosine does not alter G-protein coupling, but does increase receptor affinity and internalization, suggesting a role for this serine residue in these receptor related processes (Arora et al., 1995) .
All three intracellular loops of the GnRHr are potentially important for efficient G-protein coupling (Sealfon and Millar, 1995) . After receptor activation, these regions are believed to form clustered amphipathic α-helices which co-operative with charged intracellular residues of the second and third intracellular loops to bind and interact with the appropriate Gprotein. A striking feature of the GnRHr is the lack of an intracellular carboxy-terminal tail, a region associated with receptor activation and desensitization of other GPCRs as well as the formation of a possible fourth intracellular loop.
GnRH signalling pathways
GnRHr activation stimulates a concert of intracellular signalling pathways (Figs 2 and 3) . It is likely that a combination of these signalling mechanisms is responsible for GnRH-induced release of LH and FSH. These signalling pathways have been extensively reviewed by Stojilkovic et al. (1994) and Stojilkovic and Catt (1995) .
Guanine nucleotide binding proteins (G-proteins)
Ligand binding and functional studies have shown that GnRHr binding and function are altered by guanine nucleotides, indicative of receptor associated G-protein coupling. Indeed, a stimulatory G-protein of the pertussis toxin insensitive Gp family, G q /G 11 , appears to be involved. Not only have these G-proteins been identified in membranes of αT3-1 cells, but GnRH-induced inositol phosphate production is pertussis toxin insensitive and is inhibited by G q /G 11 immune serum in these cells.
Phospholipase C
The primary signalling pathway through which GnRH exerts its effects is the phospholipase C (PLC-β) dependent hydrolysis of the membrane phospholipid, phosphatidylinositol 4,5 bisphosphate (PIP 2 ; Fig. 2) . Activation of the GnRHr causes a rapid stimulation of PIP 2 hydrolysis, producing the second messengers, inositol 1,4,5 trisphosphate (IP 3 ) and diacylglycerol (DAG). While IP 3 produces a transient mobilization of calcium from intracellular stores, DAG increases protein phosphorylation by activating protein kinase C (PKC). GnRH stimulates a rise in IP 3 mass in a variety of GnRHr expressing cells, including primary pituitary cultures and αT3-1 gonadotrophs, as well as nonpituitary cells expressing the GnRHr (Anderson et al., 1995) . In injected pituitary gonadotrophs demonstrating high-affinity IP 3 binding sites, IP 3 promotes a dose-dependent and heparinindependent calcium response. A GnRH-stimulated biphasic rise in DAG mass has also been observed in pituitary gonadotrophs (Zheng et al., 1994) . The amplitude of this sustained DAG response was greater than that of the IP 3 response, suggesting that it may be derived from an alternative source, for example phospholipase D (PLD)-dependent DAG production.
Phospholipase D
Phospholipase D-induced hydrolysis of the membrane phospholipid phosphatidylcholine (PC) produces phosphatidic acid (PA) which serves as yet another cellular source of DAG (Fig. 3) . In gonadotrophs, GnRH produces a delayed receptor-specific stimulation of PLD. The production of DAG via this route may therefore represent a differential means of sustaining prolonged PKC activity, which in turn may positively feedback onto the PLD pathway.
Phospholipase A 2
Arachidonic acid (AA) serves as a precursor for a variety of intracellular signals (Fig. 3) . Processing through the cyclooxygenase and lipoxygenase pathways produces prostaglandins and leukotrienes, respectively. GnRH-induced AA accumulation and AA-stimulated LH release have been observed in pituitary cultures. Prostaglandins appear unimportant in GnRH-induced LH release since they do not release LH consistently and cyclooxygenase inhibitors do not inhibit GnRH-induced LH release. In contrast, specific concentrations of leukotrienes markedly stimulate LH release, a response blocked by lipoxygenase inhibitors. GnRH also increases leukotriene formation in pituitary cells prelabelled with AA.
Protein kinase C
Pituitary gonadotrophs appear to have a specific profile of PKC isoenzymes (Johnson et al., 1993) and it is possible that the differential regulation of these pharmacologically distinct isoenzymes perform functionally distinct roles. Indeed the selective replenishment of PKC isozymes in permeabilized cells has shown that PKC-α and -β, but not -ε, are required for regulated exocytosis in pituitary cells.
The precise role of PKC activation in GnRH-associated intracellular signalling events and LH release is unclear. A GnRHprovoked redistribution of PKC from the cytosol to the membrane has been observed. In addition, activation of PKC by phorbol esters and permeant DAGs produces a rise in intracellular calcium ([Ca 2+ ] i ) and LH release. These responses and the secondary phase of the GnRH-stimulated calcium response are attenuated in calcium deficient medium by PKC antagonists as well as calcium channel blockers. These data suggest that PKC activation facilitates the influx of extracellular calcium ([Ca 2+ ] ex ) through L-type voltage operated calcium channels (VOCCs; Fig. 2 ). In PKC depleted cells the actions of phorbol esters on calcium and LH release are abolished. However, PKC activation appears not to be an absolute requirement for GnRHinduced LH release, which is either unaltered or partially reduced during the sustained phase of hormone secretion in PKC depleted cells. Recent studies in permeabilized rat pituitary gonadotrophs have demonstrated that a concomitant rise in [Ca 2+ ] i and activation of PKC are required during GnRHinduced exocytosis (Jobin et al., 1995) . Protein kinase C activation appears to sensitize the calcium-dependent secretory mechanism supporting exocytosis at the physiological concentrations that prevail in intact GnRH-stimulated gonadotrophs. Protein kinase C may also be involved in a number of processes associated with exocytosis, including GnRH self-priming, cytoskeletal rearrangement and the activation of Rab GTP-binding proteins.
How GnRH controls long-term cellular functions such as differentiation and mitosis is unknown. It has been proposed that GnRH-induced expression of primary response genes, such as c-fos, c-jun and junB, may mediate these effects in pituitary gonadotrophs and that this process involves PKC (Cesnjaj et al., 1994) .
Mitogen-activated protein kinase
Mitogen-activated protein (MAP) kinases are serine/ threonine protein kinases that mediate a number of intracellular phosphorylation events, and may represent yet another signalling pathway used by GnRH. In pituitary gonadotrophs, GnRH promptly stimulates MAP kinase phosphorylation and activity in both a pertussis toxin and PKC sensitive fashion, suggesting the dual activation of G q /G 11 and G i /G o G-proteins (Sim et al., 1995) . Increased MAP kinase activity may partially mediate the GnRH-induced stimulation of α subunit gene transcription, since this response is reduced in cells expressing defective MAP kinases or phosphatases (Roberson et al., 1995) . GnRH-induced MAP kinase activation has also been temporally correlated with GnRH self-priming (Mitchell et al., 1994) .
Calcium signalling
In pituitary gonadotrophs, subthreshold concentrations of GnRH produce either small monophasic calcium transients or repetitive but often irregular calcium spikes. With progressively higher concentrations of GnRH, the latter are replaced by regular, frequency-modulated calcium transients and, eventually, a pronounced amplitude modulated biphasic calcium response.
GnRH-induced biphasic calcium responses. The GnRH-induced biphasic calcium response (Fig. 4) consists of an initial calcium spike followed by a prolonged secondary plateau phase which can be oscillatory in nature. Pretreatment of pituitary gonadotrophs with the endoplasmic reticulum ATPase inhibitor, thapsigargin, abolished the initial calcium spike, suggesting that the mobilization of [Ca 2+ ] i stores is involved in this fast calcium transient. There is also a temporal correlation between GnRH-induced IP 3 production and the onset of the calcium transient (Zheng, 1994; Anderson et al., 1995 GnRH-induced calcium oscillations. In gonadotrophs, GnRH produces discrete calcium oscillations arising from a constant baseline as well as sinusoidal calcium oscillations superimposed on a raised baseline. Continuous stimulation with GnRH causes the amplitude of these calcium spikes to gradually wane and eventually reach a steady state plateau, an effect attributed to the gradual depletion of agonist-sensitive calcium pools.
Oscillations prompted by GnRH have the characteristics of those generated by a single pool second messenger controlled cytoplasmic oscillator. Initiation of these calcium oscillations and the interspike interval are independent of extracellular calcium, whereas the maintenance of low-amplitude oscillations relies on calcium entry. These oscillations are also heparin sensitive but ryanodine insensitive and require an increase in IP 3 rather than IP 3 oscillations.
Gonadotroph secretory vesicle packaging

Gonadotrophins
LH and FSH are heterodimeric glycoprotein hormones comprising a common α subunit noncovalently linked to a differing hormone specific β subunit. The secretion of LH and FSH diverges under a range of physiological and experimental conditions: the turnover rate (including synthesis and secretion) of FSH is greater than that for LH (Apfelbaum and Taleisnik, 1976) ; the magnitude of stimuli-induced FSH release is smaller than that for LH (Muyan et al., 1994) and LH and FSH appear to be packaged into morphologically distinct secretory granules (Childs, 1986) . A model consistent with these data is that FSH is secreted primarily through a constitutive route, whereas LH is secreted mainly through a regulated pathway (Farnworth, 1995) . Indeed, in GH3 cells transfected with the common α-and LH/FSHβ subunit genes, FSH and LH are primarily released via constitutive and regulated pathways, respectively. In contrast, α-and LH/FSHβ-expressing Chinese hamster ovary cells that lack a regulatory secretory pathway neither contain nor store mature forms of LH and FSH (Bielinska et al., 1994; Muyan et al., 1994) .
Protein sequence motifs, so called 'sorting domains', may be responsible for targeting hormones into either a regulatory or constitutive secretory pathway. Recent data suggest sorting information resides in either the β subunit or the αβ complex (Blomquist and Baenziger, 1992; Muyan et al., 1994) .
Granins
Endocrine secretory granules contain acidic proteins known as granins which can be co-released with resident secretory granule hormones (Winkler and Fischer-Colbrie, 1992 ). These proteins have been classified as chromogranin A (CgA), chromogranin B (CgB) and secretogranin II (SgII) and have been mapped to morphologically and hormonally distinct secretory granules within pituitary gonadotrophs (Deftos, 1991; Watanabe et al., 1991) . Large, moderately electron dense granules show antigenicity for FSH, LH and CgA, while smaller, electron dense granules are immunoreactive exclusively for LH and SgII. These proteins are therefore used as tools to investigate the mechanisms of granule biogenesis and protein targeting. Functions attributed to the granins include the formation of dense core secretory granules and the packaging/processing of peptide hormones. The preferential association of certain proteins with granin aggregates within the lumen of the trans Golgi network may result in their differential sorting into the regulatory secretory pathway. Indeed both CgA and CgB contain a disulfide bridge between two conserved cysteine residues in their amino-terminal regions, which is potentially important for sorting through the regulatory secretory pathway (Brion et al., 1992) .
Exocytosis
Exocytosis is a highly regulated calcium-dependent process. However, there must be a mechanism that translates a rise in [Ca 2+ ] i into the activation of exocytosis. In pituitary gonadotrophs, the protein targets of calcium activation and the mechanisms of exocytosis are incompletely understood. However, a number of proteins that appear to interact with components of the exocytotic machinery have recently been identified in endocrine and neuroendocrine cells. Proposed mechanisms in these related cell types may well be applicable to exocytosis in pituitary gonadotrophs (Burgoyne and Morgan, 1993; Fig. 5 ).
Rab3 proteins
Rab proteins are a family of membrane associated guanine nucleotide-binding proteins with low intrinsic GTPase activity that are believed to be integral components of regulated exocytotic pathways (Novick and Brennwald, 1993). Rab3 is the Fig. 5 . Putative cellular mechanisms involved in GnRH-induced gonadotrophin exocytosis from pituitary gonadotrophs. Hormone dimers formed in the endoplasmic reticulum are packaged into secretory granules in the Golgi apparatus. Calcium, protein kinase C and mitogen-activated protein kinase-dependent dissociation of the actin network may enable secretory granules to migrate from the Golgi apparatus towards the cell membrane. Calcium may be released from inositol 1,4,5 trisphosphate sensitive calcium stores including secretory granule calcium stores. On arrival at the cell membrane soluble n-ethylamide-sensitive factor attachment protein receptors, present on the secretory granules and the cell membrane, may interact docking the vesicle at the cell membrane. Attachment of the fusion molecules, n-ethylamide-sensitive factor or soluble n-ethylamide-sensitive factor attachment proteins, to the soluble n-ethylamide-sensitive factor attachment protein receptors may cause vesicle and cell membranes to fuse releasing the vesicle contents. After protein kinase C dependent activation of voltage operated calcium channels, the resultant calcium microdomain(s) at the cell membrane, as well as Rab3 guanine nucleotide binding proteins, may facilitate membrane fusion and subsequent exocytosis. G: guanine nucleotide binding protein; PLC: phospholipase C; PIP 2 : phosphatidylinositol 4,5 bisphosphate; [Ca 2+ ] ex :extracellular calcium; IP 3 : inositol 1,4,5 trisphosphate; IP 3 -R: inositol 1,4,5 trisphosphate receptor; DAG: diacylglycerol; PKC: protein kinase C; NSF: n-ethylamide-sensitive factor; SNAPs: soluble n-ethylamide-sensitive factor attachment proteins; SNAREs: n-ethylamide-sensitive factor attachment protein receptors; VOCC: voltage operated calcium channels. most abundant member of this family and Rab3 isoforms are differentially expressed in neurones, neuroendocrine cells and endocrine cells. High concentrations of Rab3b are present in anterior pituitary cells (Lledo et al., 1994) , whereas chromaffin cells mainly express Rab3a (Von Mollard et al., 1990) . In anterior pituitary cells, Rab3b antisense oligonucleotides dramatically decreased calcium-induced exocytosis, suggesting that Rab3b is intimately involved in calcium-induced exocytosis in these cells (Lledo et al., 1993) . Specific structural domains within the Rab3 proteins may mediate their exocytotic effects. Indeed, chimaeric peptides containing either carboxy-terminal Rab3a or Rab3b domains block calcium-triggered prolactin release from primary anterior pituitary cell cultures (Perez et al., 1994) . Intracellular targets for Rab3 proteins include a Rab-GDP dissociation inhibitor (Rab-GDI), a guanine nucleotide exchange factor (GEF) and a protein called rabphilin. Rab3b appears to act as a stimulator of the molecular processes that govern the interaction between exocytotic organelles and the plasma membrane. In unstimulated cells, GDP-bound Rab3 proteins are believed to associate with Rab-GDI, which solubilizes and stabilizes the Rab3 protein, inhibiting membrane attachment. After stimulation, a GEF replaces GDP with GTP, causing Rab-GDI to dissociate from the Rab protein. GTP-bound Rab proteins are then available to facilitate exocytosis by associating with membrane components, including membrane associated proteins (Fig. 5) .
Membrane associated proteins
A number of membrane associated proteins are potentially important in the targeting of regulated secretory vesicles to their release sites (Fig. 5) . Vesicle membranes possess receptors called soluble n-ethylamide-sensitive factor attachment protein receptors (vSNAREs), whereas the target membrane has membrane receptors called tSNAREs. SNAREs also act as recognition molecules for the n-ethylamide-sensitive factor (NSF) and soluble n-ethylamide-sensitive factor attachment proteins (SNAPs). The SNARE hypothesis for exocytosis proposes that the vSNAREs and tSNAREs interact, establishing contact between the vesicle and the target membrane, which fuse after the binding of the fusion molecules, NSF and SNAP, to the SNARE complex (Burgoyne and Morgan, 1993; Wollheim and Lang, 1994) .
The membrane protein synaptotagmin is a constituent of vesicle membranes that exhibits calcium-dependent fusion and possesses a regulatory domain that may act as a vesicular calcium sensor (Geppert et al., 1994) . Synaptotagmin may also participate in the targeting or docking of vesicles to the cell membrane of some cells (DeBello et al., 1993; Wendland and Scheller, 1994) .
Inositol 1,4,5 trisphosphate receptors
Inositol 1,4,5 trisphosphate (IP 3 )-dependent release of calcium from secretory granules may participate in exocytosis (Blondel et al., 1994; Yoo and Lewis 1994) . Secretory granules display characteristics of regulated calcium stores, including the expression of type-3 IP 3 receptors (Yoo and Albanesi, 1990; Nicaise, 1992) . Localized IP 3 -mediated calcium release from secretory granules may activate calcium-dependent actin severing proteins, thereby promoting granule migration towards the membrane through a dissociated actin barrier (Burgoyne and Morgan, 1993; Miyamoto et al., 1993; Fig. 5) . Similarly, localized calcium release from membrane docked granules may activate nearby calcium-sensitive docking proteins such as synaptotagmin, causing them to associate with membrane-bound proteins such as VOCCs (Leveque, 1992) . Granule interaction with the cytoskeleton or the docking of granules at the membrane may be promoted by the binding of ankyrin to granule IP 3 receptors (Bourguignon, 1993; Joseph and Samanta, 1993) . IP 3 receptors may also participate in granule biogenesis (Takei et al., 1994) .
The cytoskeleton
The cytoskeleton is a dynamic structure potentially providing a hormone or signal specific intracellular transport network (Getzenberg et al., 1990; Trifaro and Vitale, 1993) . In chromaffin cells, which are often used as models for secretory endocrine cells, an intracellular actin network runs parallel to the plasma membrane. After a focal, transient calcium-dependent dissociation of this actin network, vesicles migrate to membrane situated exocytotic sites (Vitale et al., 1992; Fig. 5) . Actin dissociation involves the calcium dependent regulation of actin filament length by severing proteins such as gelsolin or scinderin. GnRH-induced vesicle migration may be related to PKC activation, since phorbol esters partially dissociate the actin network and augment agonist-induced network dissociation and secretion (Grant and Aunis, 1990; Vitale et al., 1992) .
Regulation of gonadotrophin secretion
The differential control of LH and FSH secretion can be dynamically regulated by hormones that alter their synthesis, release and/or storage. GnRH, oestradiol and progesterone are involved in controlling gonadotroph sensitivity to GnRH, and their combined effects are instrumental in generating the preovulatory LH surge.
GnRH-induced gonadotrophin release
There is a temporal correlation between GnRH-induced intracellular calcium and LH release, both consisting of an early peak followed by a prolonged secondary plateau phase (Stojilkovic et al., 1994) . In pituitary gonadotrophs, the functional significance of the different GnRH-induced calcium responses and their role in normal gonadotroph function is unknown. Leong and Thorner (1991) proposed that these responses constitute a binary intracellular signalling code for LH release. In their study, the biphasic calcium response induced by treatment with a high dose of GnRH was associated with LH release, while calcium oscillations induced by low dose GnRH were associated with increased LHβ gene expression and GnRHr numbers but not an exocytotic response. In contrast, simultaneous measurements of [Ca 2+ ] i and exocytosis in single gonadotrophs have demonstrated that individual oscillations of a train of GnRH-induced calcium oscillations were co-incident with exocytosis (Tse et al., 1993) . Although a binary calcium signalling code may represent an efficient and flexible mechanism with which to control exocytosis, calcium oscillations have the advantage of reduced cellular toxicity.
A role of PKC activation in mediating the exocytotic effects of GnRH is less clear (Stojilkovic et al., 1994; Stojilkovic and Catt, 1995) . Although phorbol esters stimulate LH secretion, GnRH-induced LH release was unaltered in PKC depleted gonadotrophs. Similarly, calcium mobilization and exocytosis can be dissociated in permeabilized gonadotrophs. It has therefore been suggested that PKC activation is involved in the amplification rather than the initiation of the GnRH-stimulated exocytotic response.
GnRH self priming
The phenomenon of GnRH self-priming involves the GnRHinduced sensitization of gonadotrophs to subsequent GnRH stimulation (Fink, 1995) . Potential underlying mechanisms include changes in numbers of GnRHrs, expression of genes encoding GnRHrs and gonadotrophins, as well as cytoskeletal reorganization enabling granules to move through the cytoplasm to the plasma membrane. GnRH priming in vitro is associated with a migration and subsequent margination of secretory granules to subplasmalemmal regions around the entire gonadotroph (Fink, 1995; Fig. 5) . Similarly, experiments in sheep in vivo demonstrate that a single class of secretory granules migrates and subsequently polarizes to areas of the plasma membrane close to the vascular system (Currie and McNeilly, 1995) . Furthermore, GnRH-induced elongation and changes in the orientation of cellular microfilaments have been observed (Pickering and Fink, 1979; Lewis et al., 1985) . Such cytoskeletal changes may involve GnRH-induced stimulation of PKC and MAP kinase activity, since the phosphorylation of cytoskeletal proteins by both of these kinases has been associated with cytoskeletal rearrangement (Aderem, 1992; Hartwig et al., 1992; Matsuda et al., 1992) .
Increased pituitary responsiveness to GnRH has also been correlated with changes in numbers of GnRHrs at critical times during the oestrous cycle (Savoy-Moore et al., 1980) . Upregulation of GnRHrs at the time of the preovulatory LH surge reflects parallel changes in GnRHr gene expression (Bauer-Dantoin et al., 1993; Brooks and McNeilly, 1994) . Enhanced gene expression is related to oestradiol effects exerted directly at the gonadotroph or indirectly via the hypothalamic route, probably affecting GnRH secretion (BauerDantoin et al., 1995) . Increased numbers of GnRHrs at the time of the preovulatory LH surge would enhance gonadotroph sensitivity to GnRH, initiating a biphasic rather than an oscillatory calcium response capable of releasing LH from primed granules at the plasma membrane. In addition, GnRH stimulates and inhibits gonadotrophin gene expression in vivo and in vitro (Clayton, 1994) . Pulsatile GnRH can induce α as well as LHβ and FSHβ subunit gene expression. In contrast, chronic exposure to GnRH downregulates LHβ and FSHβ gene expression and prevents the increase in mRNA encoding α and LHβ after castration. Parallel stimulatory and inhibitory effects on circulating and pituitary concentrations of LH and FSH have also been observed. Given that cAMP response elements are present on the α subunit gene, GnRH-induced increases in cAMP may modulate α subunit gene expression. The mechanisms involved in stimulating β subunit expression are less clear but may involve PKC stimulation (Andrews and Conn, 1988) .
Oestradiol
Oestradiol has multiple effects on LH secretion. Initial exposure to oestradiol causes a suppression of LH release that is followed by a brief but marked stimulation. Chronic suppression occurs in the continued presence of oestradiol (Karsch, 1987) . In gonadotrophs, oestrogen reduces the number of GnRHrs and the efficiency of GnRHr-associated PLC second messenger coupling (McArdle et al., 1992) . In contrast, oestradiol predominantly inhibits FSH secretion by decreasing FSH synthesis (Miller et al., 1977; Marshall et al., 1983) . The effects of oestradiol are species specific, inhibiting FSHβ and α subunit gene expression in ovine but not in rat pituitary cells.
Progesterone
Progesterone-enhanced pituitary responsiveness to GnRH requires previous exposure to oestrogen. It has been proposed that intracellular cross-talk between the GnRH and progesterone receptors promotes progesterone-independent transactivation of the progesterone receptor Waring, 1992, 1994) . Intracellular signalling pathways involving either PKC or PKA (Turgeon and Waring, 1994) , which phosphorylate intermediate proteins or transcription factors, may mediate this receptor transactivation. Progesterone also alters the pattern and magnitude of GnRH-stimulated calcium signals in pituitary gonadotrophs (Ortmann et al., 1994) . In pituitary gonadotrophs, acute progesterone pretreatment shifts GnRHinduced calcium oscillations towards a biphasic calcium signal, whereas in αT3-1 cells the amplitude of both phases of the biphasic calcium response are increased. Progesterone either has no effect (Yasin et al., 1995) or inhibits the amount of mRNA at the end of the LH surge (Bauer-Dantoin et al., 1995) .
Activin, inhibin and follistatin
Pituitary gonadotrophs deprived of GnRH continue to release FSH (Farnworth, 1995) . This GnRH-independent release of FSH involves the FSH regulating proteins, activin, inhibin and follistatin. Stored and secreted FSH is increased by activin (Schwall et al., 1988; Carroll et al., 1989) , whereas inhibin selectively reduces mRNA encoding FSHβ (Carroll et al., 1989) and follistatin binds activin with high affinity (Kogawa et al., 1991) .
Conclusions
In combination with traditional physiology, recombinant DNA technology has advanced our understanding of the interactive receptor-related signalling events associated with GnRHstimulated hormone secretion. Such knowledge is essential for understanding the molecular and cellular basis of disease states related to the reproductive system and for identifying novel targets for pharmaceutical intervention.
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